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Introduc t ion 

Information regarding the  magnitude of the low-energy solar plasma flux 

as a function of energy-to-charge r a t i o  has been obtained by a series of 

experiments within the Earth's magnetosphere, and i n  cis-lunar space.(fiefs. 1-81, 

Additional experim n t  s have made measurements i n  interplanetary apace. 

~ h e o r e t i c d  evidence based on abundance arguments and the  xecent experimental 

resul ts  showing two dis t inct  intensity peaks i n  the  energy-to-charge 

spectra suggest tk~t  the s01ar plasma i s  a s-[;ream of fully ionized hydrogen n 

and helium with s l igh t  admixtures (perhaps 0.9%) vf t he  heavier elements 

and helium in other ionization s ta tes  (~e'). The data M i c a t e ,  further, 

that  the hydrogen-to-helium r a t i o  is not stable, but fluctuates rapidly 

i n  magnitudeand is  probably influenced by solar  activity.  I n  general, 

during periods of low solar  activity,  peaks corresponding t o  hydrogen and 

h&lium are  separable outside the magnetosphere using conventional electro- 

s t a t i c  plasma probes. However,during periods of high s o k  act iv i ty  and i n  I ,  I 1 4 
the  turbulent' region o f .  +he magnetospheric boundary these peaks merge. 

Since the  nigss,ito-charge ra t ios  and velocity distr ibution fo r  these two 
' .' 

principal  components of the  solar  plasma are such t h a t  t h e i r  energy-to-charg 

distributions, overlap,unambiguous measurements of the  plasma character is t ics  
1 5  

cannot be obtained with instruments currently i n  use. * Even though helium 

ions accoun;b numerically f o r  perhaps:only 16 of the  solar  wind, by virtue : 
-'!d 

of t he i r  greater mass they account'tfor approx@ately kO$ of the mass of 
* 

the  solar  wind. Thus, the  hydrogen-helium ra t io  must be accurately 

determine4 before any calculations can be made tes t ing  theories on the 
p .: 

' p e  ambiguity i n  the measurements made w >. 

E 



analyzers is  inherent i n  the natuxe of the instruments themselves. In 

most forms of the "plasma analyzerff, the unknown ion stream first passes 

through one or more separators which deflect,  intercept, o r  bunch the 

ions by means of e i ther  an e lec t ros ta t ic  or  an elec-tromagnetic force. 

Since the separator is di f ferent ia l ly  sensitive t o  some combination of the 

mass, charge and velocity of the ionized part icle,  it introduces a ".filteringw 

action which allows only those par t ic les  within a certain spectral  window 

t o  impinge on a collecting pla te  a t  the exi t  of the f i l t e r .  The current 

measured a t  the collecting plate is proportional t o  the beam intensity integrated 

over the spect ra l  window, where the  selective parameter i s  1 m v2 fo r  
2 q 

the e lect ros ta t ic  separator, for  the magnetic separator, and v f o r  the 
9 4 -9 

time-of-flight or E x B separators. It i s  clear  that  the only parameters F 

t h a t  can be defined unambiguously by using combinations of these f i l t e r s  
I 

are the mass-to-chaage r a t i o  and the velocity. An experiment is  required, 

then, which can provide an independent measurement of e i ther  the mass or  

the  charge of the particle. By the addition of a small instrument t o  many 

of the analyzers currently i n  use, it is  possible t o  obtain a measurement 

of the average charge of the ions i n  the plasma. I f  the estimates of the 

stream composition are valid, t h i s  would provide a first approximation 

of the hydrogen-to-helium rat io.  The purpose of t h i s  paper i s  t o  describe 

an instrument capable of providing t h i s  measurement and t o  present 

preliminary resul ts  it has provided i n  the laboratory. 

Description of Instrument 

The current collected a t  the exi t  of a "mass analyzer" is  the sum of 

the  number of charges deposited per unit time by each of the constituents 

of the plasm. stream, That i s  



where nx is the  number of ions collected per wit time of the xth constituent,  

qx i s  t h e  charge carr ied by each ion of the  Xth constituent,  N i s  the  t o t a l  

number of pa r t i c l e s  col lected per uni t  time, and q is the  average charge 

per  particle.. Since the  s o h r  plasma can be assumed t o  be primarily a 

mixture of protons (ql = +e) and a&ha pa r t i c l e s  (% = 2 e )  with only t races  

of other  elements, it can be' assumed tha t  

The value of the  helium f rac t ion  i n  the  ion stream is, then, 

The measurement of ic is  routinely obtained i n  the  plasma analyzer 

tmrl,, ~thorcfilort:, prc?oc*nta no problcm, !l?he o n w  problem, then, is the  

measurement of q. This measurement i s  obtained by allowing a small Traction 

of the ions incident on the  col lector  p l a t e  t o  pass through a small hole 

i n  t h a t  p l a t e  and be counted by a device s imilar  i n  function t o  a conventional 

multidynode electron multiplier.  The t o t a l  number of ions incident on 

t h e  col lec tor  p l a t e  per  uni t  time is  obtained by multiplying the number 

counted per uni t  time by an "effective" area ra t io ;  and the  average charge 

i s  obtained by dividing the  col lec tor  p l a t e  current by the  number of ions 

schematically i n  Figure 1 and ~hotographica l ly  i n  Figure 2, The incoming 

stream of charged pa r t i c l e s  i s  obtained from the  output of a Nier magnetic 

analyzer and is fu r the r  analyzed by passage through a p a i r  of cyl indr ica l  

electros-latic separator pla%es. A t  the  e x i t  of the  separator p la tes ,  

an aperture l imi t s  the  beam t o  a well-defined area; those ions impinging 



ollt,a-ide tba't arez being ne~trral ized and pmpeci o11.L of' the: system while 

those ~ r i - t h i n  t h a t  area e r e  allowed t o  cont5nue rin motio-fi parallel. 'GO the  

t1x.i-s of' a "driS.l; .tubet' m:int?tined 3;t ground. po ten t ia l .  Most ot' these ions 

 ass i;hrol<~gl~ a second a p e d u r e  within the  d . r i fG  tube a d  s%rilce a collec.tor 

plate, A ~ e g a t i t r e  p o t e n t i a l  applied -Lo it r i ng  located. bekgeen t h e  seconci 

aperture and. -the bean coll.ector pla-te suppresses t h e  secon&ary ej~ectrons 

ejected by the impzct of' t h e  pos i t ive  ion on t h e  edge of t h e  secon4 aper-bwa 

C or on t h e  co l l ec to r  p la te .  Tke r ing  i s  so designed that it is  not s t ruck . 

by t h e  ion bean. Data r e l a t i n g  t'ne t o t a l  current  Go the  suppressor voltage 

aye gresented i n  f i gu re  3.and. demonstrate thaA t h e  t o t a l  toll-ector current 

measuxed. 'by t he  electromelier i s  a t r u e  mea,surle of t h e  incident  ion cuxren-t, 

and need n o w e  corrected f o r  a s e c o n d a , ~ ~  e lec t ron  m i s s i o n  current if 

sup-pression voltages a r e  more negative thCm -40 vo3-ts, 

R srmlZ nmiber of the  ions incident on the  f a c e  of t h e  col.lector p l a t e  

pass through the  smll "ion countlning aperture" 2 ~ .  t he  co l l ec to r  p h t e  and 
( ~ e f  s. 9-10} 

r i ke  the open end of a d is t r ibu ted  elec-tson muLtiplier / The output of 

'the electron-mult ipl ier  is  sha,ped by mans  ol: a res i s tance  and capacitance 

net~!ox.k slid fed into a counter. Background count recorded by t h e  counter .. 
-* - " 

when no be&n was incident  on the  Channeltron w a s  l e s s  than 2 counts per  
j 

minute. 

In t h e o ~ j ,  accurate  measurement of t h e  current,  co2lector p l a t e  area, 

counting hole area, and nunibex of Loris counted. should provide s d i r e c t  
t - 

deternlination of %he average charge, q, of' t he  ions incicient on the  axialyzer, 

There are ,  hotrever, severa l  fac.tors which 1M.G t h e  accuracy of such a 

determination, Tliese f ac to r s  wil .1 be considered sequent ia l ly  in t he  pars- 

ky- Wd4.p Bmmwl-l-. h " l ? r 2  - - e d -  %mx*&td- *&* %he- rme WW- 
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35) i>oz-t;rtK!.e el.ectrometer, cal-ibrated before and a r t ex  each eq~erimerr tal  

rwi by comparison with a P i coa~pe re  So~xsce ( ~ e i t h l e ~ ,  Model 261.). SpecLfied 

short-term accuracies f o r  the  "ctro instruments a r e  &l$ of f u l l  sca le  mcl 

oi' Pull. sca le  respectively. Cal ibrat ion da ta  indicate  a co~ipar&t%ve 

readlne; e r r o r  of agproxi3na;tely 776, with an average deviation of r e l a t i v e  

rLea,d2.ngs of ;lO,r{$. Eecause even ruinor Lnstabi l i t ier ;  of t h e  ion beam 

can a.ffect t he  experiment, the  outpul; of t he  electrometer tras integrated 

by n current; integra-tor act ivated f o r  the  period daring which t h e  ions 

LSE ~ o v n t ~ d .  Meat~wed c u r r ~ n t s  a r e  corrected for 'the leakage current; 

ca~rszd by  t h e  n m l i c a t i o n  of t he  sisppressor voYcage across t he  imperfect 

( 2  x 2-017 oh) i.nsulator separating t h e  suppressor from the  col lector .  

The co l l ec to r  p l a t e  area, i s  deTined by two circuJla,r a p e r k ~ r e s  of 

0. ].-inch ditmetcr located a t  the eratrace and t h e  e x i t  of t h e  ctrif-t 

tube. The sccma,cy with whjch it i s  defiaed, however, is Lhiterl. by 

uncer ta in t ies  i n  t h e  ion t r a j ec to r i e s .  While t h e  separation of t he  

inslrunien% f f r o m  t h e  source i s  suf ' f ic ient ly grezt  t o  insure paraLl.el ion 

t;rs,jcc.t;ories, -two f ac to r s  introduce dispersion of the  ion beam.: t he  

electros~tar t ic  lens  e f f ec t  a,% the entrance and t h e  e x i t  of the  e lec t ro-  

s-t;atic malyser ;  and the  dispersion of %he becm resu l t ing  from the  effect; 

of tho  el.ectrosta-t5c analyzer on the  var:lous componen"c of t he  m u l t i -  

energet ic  ton  stream. 

The counting hole  aperture used i n  t he  experimental appars;kus is  

0.0012-inch ili:meter, While t h i s  measurement is  knotxi within a few per  

cent,  two  .tkcce&nlnties :we ini;roduced in .  t h e  e f fec t ive  area ~rhich  are 

o f  considerably grea te r  aagnitudes, FLrs't, s ince the  current  densi ty  

f , t h e  hcam imglngbng on t h e  col.lec'tor p l a t e  c c m o t  be assumed t o  be 



unifoxm, %he effect ive area of t h e  c o a ~ t i n g  aperkuxe should be corrected 

t a  a~.ccouu)t f o r  t h e  r&io  o f  current densi ty  a t  t h e  counting hole t o  t h e  

c:wrent densi-ty averaged over t he  colLec-(;%gg p1nt;e. Some indicztiori of' 

t he  possible  magnitude of thhis e f f e c t  is o't>t;ained by reference "c ffigure 4 

which sho~rs -the var ia t ion  i n  t h e  measured value of t he  eaxrexczge charge %ha% 

r e s u l t s  from the  magnetiic f i e l d  used t o  s e l ec t  t h e  :ions ?ti; :;lie sowce  
Pro~n 

and / varying the  vol;;ages applied l;o t he  p l a t e s  of' t he  electros~tzct;li: 

i 
znaLyc,er while i l l ~ m i n a t i n g  the  e n t r a c e  port; with a constax~t bean. 

I%e second. irn.port;an% correct ion needed t o  d.eterrn:Lne the  ef:fective 

count ing 1101 e a rea  i!; re la ted  -to i:?\~ ~rP"E.k~m~-~F-.F~?~~~nlhr:~a-byi(ehh~h 

bi~." - ~ ~ w * . . ~ * ~  +?:*-h%i.hhbht -4(~%* Y& ct~y =-~-ZCU?%P*~W -&B t he  coluz.(; j-ag device. 

%he device used i n  the  experiment was a h o l l o ~ . ~  gl.ass tube bent Into 

a circulax a r c  aad interns.lly coated wi-t'n it r e s i s t i v e  flLz. An iorr 

incident  on one open end of t h e  rnul1;iplier causes t h e  emission of secondary 

electrons.  Under Wie act ion of a voltage flel.c2 applied along %he tube, 

*.these e lec t rons  cause a cascading group of' secondaries t o  drik't kotmsd 

t h e  oxrkput end of t h e  tube. The pu-1se o:f e lectrons caused by each such 

t i s  col lected by a cuq, m~fntn ined  at a go. tent la l  of 4-100 v o l t s  r e l a t i v e  

t o  t he  output end of the mult ipl ier .  iJn(1er the  conditions described, the 
i t  

7 e.ff'ective gain of the  e lec t ron  mrllt:L~Sicr was approxirnatel y 3 x S O .  ,While 

t h e  recorded b,zclrground, count f o r  the  device was e s sen t i a l l y  zero, lack 

of information on the  magnitude o r  s t a b i l i t y  of t h e  process by which 

secondary c l e c b n e  a r c  prodl~ccd by var%oua ions a t  the en t rmcc  of -the 

Il;u'Iil,o prcvcn.l;o any aecz1ra;l;e dctermlnatlon of the "eSfec.tivel' coun.ting 

hole area,  

number of ions counkd)  can ganeralllg be kept smIU by using counting dime 

i n t e r v a l s  sufSicientl;y long t o  a,llow accmula t ion  o f  Imge  ntnnbcrs of 



courits, Errors associa,ted with comter-circuitry are generally due t o  

"pile-xp" (an. additive deposit of charges due t o  nearly ~h'cil~taneous 

current pulses) o r  "depletion" (an inabi l i ty  t o  count an incoming pulse 

u n t i l  the device recovers from a depleted charge s ta te  caused by previous 

pulses). In order t o  determine whether such errors ex i s t  .and t o  establish 

t he i r  magnitude, a pulse height spectrum was obtained f o r  data collected 

during a one minute run using a counting ra te  of 22,170 counts per minute 

(FQ. 5). The c,omplete absence of a double amplitude peak in  the pulse 

height spectrum indicates t ha t  the pile-up error was non-existent for  the 
the 

experiments described or tha t  current saturation occurs in/channel multiplier. 

Photographs of the output pulse from the resistance capacitance shaping 

network used i n  obtaining the data of Figure 5 a re  shown i n  Figure 6 ,  and 

indicate t ha t  the current pulse collected a t  the  output of the channel 

multiplier i s  approximately -06 sec. i n  duration. Considering t h i s  

duration and the pulse ra te  being used, it is  evident t ha t  "pile-up" errors 

should indeed be negligibly smaller independently of whether o r  not current 

saturation exists.  

The existence of depletion errors i s  evident, however, fromthe fac t  

that  a significant number of small amplitude pulses was recorded, This 

ef fect  was probably caused by the fac t  that  a current pulse changes the 

voltage distr ibution along the continuous channel electron multiplier by 

depleting charge on the capacitance distributed between the various segments 

of the multiplier and ground. Since the resistance of the th in  film device 

i s  high, the voltage distr ibution and, therefore, the gain of the  multiplier 

i s  affected fo r  a f i n i t e  time a f t e r  each such occurrence. While depletion 

errors are  not completely negligible, it is  Lo be noted that even i f  all 

pulses below ha32 amplitude were no% counted, the er ror  (227 counts) is  
' 



approxlnmtely one percent. 

Results 

Using the  equipment described and the measured area  ra t io ,  a charge 

determination experiment was performed on a 6 Kev beam of ionized atonlic 

hydrogen. Thir ty separate runs were made a t  various beam current levels. 

The da ta  indicated a charge of 1.271 x 10-l9 coulombs per p a r t i c l e  with 

an average deviation of + 0.012 x low1' coulombs per  par t ic le .  These - . 
indicate tha t  the charge per  p a r t i c l e  should be multiplied by a fac tor  of 

1.258 i n  order t o  obtain the ac tua l  charge of the  proton. The measured 

area  r a t i o  should be corrected by the  same factor ,  then, t o  obtain an 

ef fec t ive  area  ratio,which includes a l l  absolute er rors  i n  the  instrument 

and the  accessory equipment. The corrected charge data f o r  Xjxdrogen are 

shown' i n  Figure 7 along with the  one sigma s t a t i s t i c a l  e r ro r  envelope 

(shown by the dotted l ines) .  Variation in measured charge per p a r t i c l e  - 

a s  a function of beam current was e s sen t i a l ly  zero f o r  the  current range 

from 3 . 0 ~ ' ~  t o  4 x 10"~ amperes. 

A s imilar  experiment was conducted on a 6 Kev beam of doubly-ionized 

He3. The charge per p a r t i c l e  was computed using the  "effective" area  

+ 
r a t i o  obtained from the  previous runs with H . The charge per  pa r t i c l e ,  

averaged f o r  a t o t a l  of twenty-two runs at various current levels  was 

3.217 x coulombs. Average deviation of the  data was -093 x 10 -19 

coulombs per  p a r t i c l e  -- a s  campared t o  the +.013 x 10-19 coulombs per 

p a r t i c l e  absolute er ror  i n  the  average charge measurement. The individw1.i 

data points  together with the  one sigma s t a t i s t i c a l  e r ro r  envelope in t ro-  

duced i n  t h e  measurement because of the  l imited number of pa r t i c l e s  are 

shown i n  Fi.gure 7, 
- 



In order t o  determine whether the charge per par t ic le  -measured by 

the instrument is  affected by the energy of the incoming beam, several rms 

t 4-4- were made with incoming beams of H and He . A minimum of four runs each 3 
were made a t  energies of 4 Kev t o  20 Kev a t  increments of 2 Kev, Data 

from those experiments are presented i n  Figure 8. It i s  t o  be remembered 

tha t  the diameter of the beam was not large compared t o  the diameter of 

the experiment, tha t  Figure 4 indicates both a nonwiformity of the beam 

and a sensi t iv i ty  t o  the adjustment of the experimental apparatus; and t ha t  

data corfesponding t o  Figure 4 were not obtained fo r  energies other than 

6 IW. Because of these eqdpment limitations, it felt that  the 

of energy on measured charge t o  be noted i n  Figure are  not clearly a s s i e -  

able t o  the  instrument but are possibly introduced by undetermined effects  

i n  the t e s t  apparatus and proceedures. 

Discussion 

The performance of the average charge detector described above i s  

ent i re ly  adequate f o r  early space experiments t o  determine the hydrogen- 
$ 

to-helium r a t i o  i n  the solar  plasma. In i t s  present form, the accuracy 

of the equipment i s  somewhat limited because of errors related t o  beam 

non-uniformity. One portion of t h i s  er ror  ( the part  related t o  limited 

dimensions of the source) would be essent ia l ly  eliminated i n  the actual  

application which involves t o t a l  immersion of the equipment in  a plasma 

stream of dimensions much greater than those of the experimental equipmenti, 

The second portion of t h i s  error ( that  par t  introduced by the effect of 

f i e l d s  within the instrument) would be eliminated by using a large number 

of small diameter counting apertures uniformly distributed across the 



i n  t he  electron mul t ip l ie r  were made re l a t ive ly  small by using a mounting 

geometry which minimized s t r a y  capacitance, but could be reduced fur ther  

by employing a dis tr ibuted,  driven shield located on the  outside of the  

multiplier.  

It i s  expected t h a t  improvements of the  type discussed would decrease 

er rors  i n  the measurement of average charge t o  the  order of a f rac t ion  of 



I 

I Obsez~at ions  of Sol-ar Wind Particles e t c .  

I 
I 1. Bone-tti, A .; Bridge, B. X. ; Laza,rus, A. J .; Rossi, B.; a,na Scherb, F.: 

Explorer 1 0  Plasma Measurements, Journal of GeophysicaZ Research, 
I 

68, 4017-4063, 1963 . 
i 

2. Bridge, S.; Egidi, A.; Lazams, A, ;  Lyon, E.; and Jacobson, L,:  
Prelimina,ry Results of' FLasma I4easurements on DIP A COSPiUi Preprin-l;, 

I Florence, I t a l y ,  May, 1364. 

3. Prank, L. A.; Van Allen, 5. A.; and Macagno, E.: Charged P a r t i c l e  
0bscrvt~l;ions i n  the Earth1 s Outer Magnetocphere, Journ&l of 
Geophysical Research, 68, 3543-3554, 1363 . 

4. Grlnyaua , K* I . : Invest igat ion of Zntcrplanetnry Plusma and Plctlietaz-y 
lonosphert-,~ by. Mr:una of Charged P a ~ t i c L e  Triips on Space? Rocketn, 
3 ?!\;I, Xn kr:rtmtj,c~nal Ant; r t~ ) i t~ l t : i (~~t ,Z  CI)~L:LML+C?IJU, CJttr~h%jl~1;011 I%, OCI;~,ZV;~.~~ It. 
1964. 

5. Gringauz, K. I.; BezrukiMn, V. V.; Ozerov, V. D.; and Xybchinskii, I?. E.: 
A Study of Interplanetary Xonizcd Gas, Energetic Electrons and Solar  
CoYpuscUar Radiation Using Three El.ectrode Charged P a r t i c l e  Traps 
On Ghe Second Cosmic Roclret, D O H .  Akad.  Nauk. SSSR 131, 1301, 1960 .. 

Nultqvisl;, B.: Some Coments on E lec t ros t a t i c  Analysers "IIigh 
Lat i tude Pa r t i c l e s  and %he Ionosphere" Logos Press Academic Press ,  
1965, Pg 153 * 

Neuge'bauer, M ,; and C . W. Snyder: The Solar  Wind Veloci%y and Its 
Correlat ion with Cosmic Ray Variations and with Solar  and Geomag- 
n e t i c  Act iv i ty  , 3ournf:l of Geophysical Research, 68, 6361-6369, 
Dec . 15, 1963. 

Wolfe, J. H.; Si lva,  R. W.; and Myers, M. A,:  Observations of t h e  
Solar  Wind During the  F l ight  of IMP 1, Journal of Geophysical 
Research, 71, 1319-3.339, March 1, 1.966. 

I 
I 
I 9. Goodrich, G . W . ; and Wiley- , W . C . : Continuous Channel Electron 
I Mult ip l ie r ,  The Review of S c i e n t i f i c  Instrwnents, Vol. 33, No. 7, 

761-762, 1962. 
3 

10,  Evans, D. S . : Low Energy Charged-Particle Detection Using the  
Continuous-Channel Electron Mul t ip l ie r ,  The Review of S c i e n t i f i c  
Instxmealts,  Vole 36, No. 3 ,  Iviarch, 1965, 



APERTURES 

INCOMING 
ION BEAM 

FIG.1 SCHEMATIC DRAWING OF PLASMA ANALYZER 

National Aerona&ics and Space A a m i ~ i * ~  
Ames Research Center 

Moffett Field, Calif. 



Figure 2 
Photograph of Experimental Equipment 

i 











NO.  3 4 0 - L J 1 0  D l E T Z G E N  GRAPH PAPER EUGENE D IETZGEN CO. 
SEVI -LOGARITHMIC 

4 CYCLES X 1 0  D I V I S I O N S  PER I N C H  

- -- k4&~ff Field, Calif. 




